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How does the  sun cont ro l  the atmosphere of the  e a r t h ?  

This  ques t ion  is the  s t a r t i n g  po in t  f o r  one of the  major 

p r o j e c t s  of t he  United S t a t e s  space program. Its answer 

may provide an understanding of the basic fo rces  which 

produce the  weather and determine the  climate of  d i f f e r e n t  

r eg ions  of the  globe. 

The s i g n i f i c a n t  experiments requi red  f o r  t h i s  p r o j e c t  
. .  . *  

are now under way f o r  the  f i r s t  t i m e .  Nine Tiros and one 

Nimbus satell i te have been launched by t he  United States 

i n  t h e  p a s t  f ive years.  These satel l i tes  c a r r y  tele- 

v i s i o n  cameras which y i e ld  cloud cover photographs t h a t  

are producing a s u b s t a n t i a l  improvement i n  weather fore-  

c a s t i n g  by providing global and nea r ly  continuous coverage 

of weather a c t i v i t y .  Global coverage is c r i t i c a l l y  i m -  

p o r t a n t ,  because t h e  success  of weather forecasting in-  

creases r a p i d l y  with the s i z e  of t h e  t e r r i t o r y  covered 

by the  observations. 

A t  t he  present  t i m e  l a r g e  p a r t s  of t h e  e a r t h  are 

very  poorly covered by weather s t a t i o n s .  I n  these  re- 

mote areas st=+?n_s can develop and g r o w  without  d e t e c t i o n  

before moving o u t  i n t o  the  inhab i t ed  regions.  The s p a r s e l y  
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covered areas inc lude  the  southern oceans, t h e  poles, and 

t he  major deserts. 

s t r e n g t h e n  t h e  hand of t h e  meteorologis t  by f i l l i n g  i n  

Satel l i te  coverage w i l l  g r e a t l y  

&Le-- Lllr5r blmsk por t ions  of the weather map. 

Many of these  'weather '  s a t e l l i t e s  have also c a r r i e d  - 
i n f r a r e d  radiometers which d e t e c t  and reveal the  p a t t e r n  

of energy d i s t r i b u t i o n  i n  the  atmosphere. For the  pur- 

pose of long-range f o r e c a s t i n g ,  t hese  data are even m o r e  

important than t h e  cloud cover photographs. W e  s h a l l  

d i s c u s s  s e p a r a t e l y  the  more important r e s u l t s  so far 

obtained by t h e  d i f f e r e n t  types of  measurements. 
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Cloud Pho tosraDhs 

me v i e w  of t h e  e a r t h  from space shows t h a t  about 

50 percent  of the su r face  of the  globe is usua l ly  covered 

with clouds. The formation of c louds over a given region 

is governed by- local meteorologicah condi t ions.  Lew 

pressure-systems are accompanied by i n t e n s e  and wide- 

spread cloud cover,  while  high pressure  systems are 

g e n e r a l l y  free of clouds. A continuous s u r v e i l l a n c e  by 

t e l e v i s i o n  camera of the c loud  cover around t h e  globe', 

t he re fo re ,  g ives  information on the  l o c a t i o n  of large 

scale weather systems. A global  map of cloud d i s t r i b u -  

t i o n  i s  l i k e  a weather map p lo t t ed  by nature .  Figure 1 

is one such example where seve ra l  cloud p i c t u r e s  taken 

by Ti ros  I over the P a c i f i c  have been put t oge the r  i n  

the form of a mosaic and superimposed on the  s u r f a c e  

weather m a p ,  An e x c e l l e n t  agreement between t h e  pressure  

system and t h e  expected cloud formations i s  seen. This 

t y p e  of information obta ined  from t h e  sa te l l i t e  p i c t u r e s  

is  extremely valuable for opera t iona l  meteorology, 

Cloud photographs of d i s t a n t  parts of t h e  globe are 

on t h e  desks of meteorologis ts  w i th in  t w o  hours  of the  t i m e  . 
- ;;;la 
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they  w e r e  taken. To da t e ,  these photographs have been 

used to  d e t e c t ,  i d e n t i f y  and t r ack  storms and f r o n t a l  systems. 

For example, on Apr i l  10, 1960 a n a l y s i s  of photographs 

from Tires I enabled the  Weather Bureau to  g ive  the  Aus- 

t r a l i an  Meteorological Service the exact Iccatlon of a 

typhoon 800 m i l e s  east of Brisbane i n  a reg ion  where sur-  

face meteorological observat ions are v i r t u a l l y  nonexis tent .  

Tiros 11, launched on November 23, 1960, was t he  f i r s t  

s a t e l l i t e  used by the  Weather Bureau f o r  r o u t i n e  fore- 

c a s t i n g  opera t ions ;  i n  J u l y  1961 Tiros I11 discovered a 

h u r r i c a n e  i n  t h e  Caribbean two days p r i o r  to i ts  d e t e c t i o n  

- 

by r o u t i n e  meteorological observat ions.  

graphed 18 t r o p i c a l  storms i n  a l l  s t a g e s  of development. 

Tiros I11 photo- 

The TV p i c t u r e s  from t h e  s a t e l l i t e s  also provide in-  

formation on the  s t r e t c h e s  of  land covered with ice. Photo- 

graphs  taken by T i r o s  I1 c l e a r l y  showed t h e  breakup of ice 

packs i n  the  S t .  Lawrence, thus demonstrating t h a t  t he  

weather; satell i tes could also be h e l p f u l  i n  naviga t ion  by 

monitoring ice movements. 

Cloud photography from s a t e l l i t e s  has  also found its 

way i n t o  areas of  fundamental meteorological  research .  

The satel l i te  p i c t u r e s  have shown highly  organized cloud 
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p a t t e r n s ,  suggest ing t h a t  c e r t a i n  dynamical mechanisms 

may be a c t i n g  to  produce these configurat ions.  The m o s t  

important p a t t e r n  observed i n  t h e  cloud p i c t u r e s  is  t h a t  

of ce l lu l a r - type  clouds. 

A l s o ,  important d i f f e r e n c e s  have beer? f ~ ~ ~ r ? d  bebeeen 

the l abo ra to ry  r e s u l t s  and  those revealed by the  Tiros - 

p ic tu res .  This is mainly because t h e  a c t u a l  l abo ra to ry  

experiments are carried ou t  under l i m i t i n g  condi t ions  and 

are based on theories constrained by ques t ionable  assump- 

t i ons .  A s tudy  of  cloud systems from t h e  T i ros  p i c t u r e s  

h a s  none of these  c o n s t r a i n t s  and can the re fo re  lead  u s  t o  

a better understanding of t he  dynamics of t h e  atmosphere. 

Radiat ion Measurements 

The observa t ions  made by  radiometers i n s t a l l e d  i n  the  

meteorological  sa te l l i tes  are o f  s t i l l  greater importance 

to  the  basic research i n  physical  meteorology. 

The first satel l i te  to carry an experiment of meteoro- 

logical s i g n i f i c a n c e  w a s  Explorer VI1 which w a s  designed to 

measure the  to ta l  outgoing r a d i a t i o n  from t h e  earth. The re- 

8 

s u l  ts confirmed t h e  expectat ion t h a t  t h e  totas r a d i a t i o n  emi t ted  

by t h e  earth-atmosphere system is c o r r e l a t e d  with t h e  cloud 

p a t t e r n s .  Clouds being opaque to  r a d i a t i o n  of wavelength 
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longer  than 3 t r a p  t h e  f a r  i n f r a r e d  and, t h e r e f o r e ,  t h e  

emission to space occurs  only  from t h e  top  of the  clouds 

where the  temperature is extremely low. The total out-  

going r a d i a t i o n  is the re fo re  high over clear areas and 

A W W  1 -... for CPGudY regfons. 

Four-of t he  nine satell i tes i n  t h e  Tiros series have 

c a r r i e d  five-channel radiometers with greater r e s o l u t i o n  

than those on Explorer VII. The design of these  i n f r a r e d  

radiometers  has  been such a s  to provide information on t h e  

fol lowing meteorological  parameters: 

i 

(1) Mapping the  d i s t r i b u t i o n  of cloud p a t t e r n s ,  

both i n  t h e  day and i n  t he  n ight ,  and determining the  c l a d  

top  he igh t s ;  

( 2 )  Determining the  v e r t i c a l  d i s t r i b u t i o n  of t em-  

p e r a t u r e  and poss ib ly  the  d i s t r i b u t i o n  of w a t e r  vapor i n  

the  troposphere: 

(3) Determining the  g loba l  d i s t r i b u t i o n  of energy 

sources  and sinks. i n  t he  earth-atmosphere system, namely 

t h e  d i f f e r e n c e  between t h e  s o l a r  energy absorbed and t h e  

i n f r a r e d  energy emit ted by the e a r t h  and the  atmosphere. 

The best way to map the  clouds by radiometry from a 

sa te l l i t e  is to  "look" a t  the  e a r t h  i n  a s p e c t r a l  i n t e r v a l  

- 5 -  



where t h e  atmosphere i s  h ighly  t r anspa ren t  ,and t h e  clouds 

are completely opaque. 

8 - 12 i n t e r v a l  and t o  a better degree i n  the  10 - 11 9 
and 3 - 4 p reg ions  of the  i n f r a r e d  spectrum. Up to  now, 

t h e  experiments carried o u t  by Tiros satel l i tes  have 

measured the  r a d i a t i o n  e m i t t e d  by the  e a r t h  i n  the  8 - 12 p 
i n t e r v a l ,  and have been ex tens ive ly  used t o  correlate these  

measurements of the cloud p a t t e r n s  and o b t a i n  estimates of 

the  c loud  he ights .  

This is achieved p a r t l y  i n  the 

- 

From Tiros I11 r a d i a t i o n  d a t a ,  maps of cloud systems 

a s soc ia t ed  with Rurricane Anna over the Caribbean w e r e  

p l o t t e d  and the storm could be t racked,  j u s t  on the basis 

of i t s  r a d i a t i o n  p a t t e r n ,  over a d i s t a n c e  of more than 

4000 km (Figure 2 ) .  The height  of the  cloud tops i n  t h e  

c e n t e r  of t h e  hu r r i cane  was found t o  be about 1 5  km i n  

c o n t r a s t  to o t h e r  cloud systems i n  the v i c i n i t y  a t  l o w e r  

a l t i t u d e s  of 11 t o  12 km. Such cloud h e i g h t  d i f f e rences  

could n o t  be de tec t ed  by t e l e v i s i o n  cloud photography. 

Thus r a d i a t i o n  i n  t h e  8 - 1 2  p channel on T i ros  has  be- 

c o m e  an e x c e l l e n t  tool to m a p  cloud cover and h e i g h t  on 

a g l o b a l  scale, s i n c e  t h i s  method is  independent of il- 

luminat ion by sun l igh t .  This mapping of cloud cover 
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i s  most e f f e c t i v e  i f  t h e  clouds are l a r g e  enough to  f i l l  

t h e  f i e l d  of view of the  radiometer uniformly, which is 

t he  case  f o r  l a r g e  storms or f r o n t a l  systems. This 

method, however, becomes i n e f f e c t i v e  f o r  t he  d e t e c t i o n  

of very l o w  clouds or fog where the  cloud top  temperature 

i s  close to  the surface temperature, - 

An a n a l y s i s  of r a d i a t i o n  data over a long pe r iod  of 

t i m e  has  ind ica t ed  t h a t ,  on an average, t h e  percentage 

c loudiness  may be higher  by about 10 - 15 percent  over 

t h e  Southern Hemisphere than i n  t he  Northern Hemisphere. 

The measurements by 'Tiros radiometers  i n  the  6 . 3  p 

channel w e r e  m e a n t  to provide information on the  tempera- 

t u r e  a t  t he  tropopause l e v e l .  A l s o ,  because t h e  rad ia-  

t i o n  emit ted by the  e a r t h ' s  atmosphere i n  t h i s  wavelength 

reg ion  i s  h igh ly  dependent on the  amount of w a t e r  vapor 

p re sen t  i n  the  troposphere,  the  s a t e l l i t e  observa t ions  

have been s u c c e s s f u l l y  used to  de r ive  t h e  average humidity 

i n  the  lower atmosphere over s e l ec t ed  regions.  This method, 

however, breaks down i n  t h e  presence of high clouds be- 

cause  the  amount of w a t e r  vapor above a high cloud is  so 

smal l  t h a t  no d i s c e r n i b l e  absorpt ion can be measured by 

the s a t e l l i t e  radiometer.  

- 7 -  
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The energy balance of the e a r t h  is t h e  o t h e r  para- 

meter which has  been ex tens ive ly  s tud ied  by the  T i r o s  

r a d i a t i o n  data. The energy balance i s  made up of the 

d i f f e r e n c e  between t h e  incoming solar r a d i a t i o n ,  mostly 

--- i n the visible, m~c! the out-cjeing terrestrial radiation 

i n  t he  in f r a red .  It i s  w e l l  known t h a t  t he  l a t i t u d i n a l  

v a r i a t i o n  of the  energy balance shows an excess  of i n -  

- 

coming solar r a d i a t i o n  over outgoing r a d i a t i o n  near  the  

equator  and a de f i c i ency  a t  t h e  poles .  It is t h i s  vas ia -  

t i o n  of t h e  energy balance with l a t i t u d e  t h a t  d r i v e s  t h e  

atmospheric h e a t  engine. Thus, through the  determinat ion 

of t he  t i m e  v a r i a t i o n s  i n  l a t i t u d i n a l  averages o f  t h e  

n e t  energy balance with the  a i d  of t he  satell i te da ta ,  

one obtains the  information which is necessary t o  under- 

stand the  genera l  c i r c u l a t i o n  of the  atmosphere. 

The estimates of t he  incoming energy f r o m  the  sun are 

made bv us ing  the  s a t e l l i t e  observat ions of t h e  r e f l e c t e d  

s o l a r  energy. The amount of energy absorbed i n  the  ear th-  

atmosphere system is deri'ved from these  d a t a  by sub t r ac t ing  

the r e f l e c t e d  energy f r o m  t h e  known va lue  of the  solar con- 

s t a n t  ca l cu la t ed  f o r  t he  s o l a r  e l eva t ion .  T i r o s  IV and V I 1  

have g iven  estimates of t h e  r e f l e c t i v i t y  or "albedd 'of  t h e  

e a r t h  for a l l  p a r t s  of t h e  globe between 60 0 N and 60 OS 

1 
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for  a period of about a year. The main r e s u l t s  obtained 

f r o m  t h e  a n a l y s i s  of the albedo measurements are (a) t he  

total  average albedo of the e a r t h  for the  areas between 

60 ON and 60 OS may be about  31 percent: (b) the  l a t i -  

t u d i n a l  v a r i a t i o n  in t he  albedo shsxs a relative maximum 

a t  the  equator  and a minimum i n  t h e  t w o  sub t rop ica l  belts, 

wi th  t h e  albedo increas ing  with t h e  l a t i t u d e  up to a va lue  
- 

of about  50 percent  a t  60° l a t i t u d e .  

g r a d i e n t  of albedo is found t o  be steeper than t h a t  given 

The l a t i t u d i n a l  
2 

by theoretical estimates; and (e) t h e  albedo of the  d e s e r t  

reg ions ,  namely the  Sahara and Arabia, was found to  be as 

high as 45 percent ,  con t r a ry  to  t h e  g e n e r a l l y  bel ieved va lue  

of about  25 - 30 percent.  

The incoming r a d i a t i o n  ca l cu la t ed  from t h e s e  albedo 

measurements, combined with t h e  outgoing r a d i a t i o n  measured 

0 

by Ti ros ,  then g ives  t h e  energy balance of the  earth-atmos- 

phere system. In Figure 3 w e  show these  va lues  p l o t t e d  for 

the w h o l e  globe for a per iod of one y e a r  (June 1962 - June 

1963) 8 based on the measurements made by T i r o s  V I I .  The 

d a r k e s t  shade corresponds to a p o s i t i v e  energy balance 

5 -1 of the  order of +175 x 1 0  ergs sec , while  t h e  

l i g h t  shades correspond to -165 x 10 5 ergs an -2 sec -1 . 

- 9 -  



The regions of extreme excesses of r a d i a t i o n  balance are 

si- tuated over oceanic  regions and t h i s  is mainly because 

o f  t h e  fact t h a t  t he  oceans have a l a r g e  h e a t  capac i ty  

and can s t o r e  a cons iderable  amount of energy. I n  o r d e r  

+ LO correlate these data w i t h  the ~ i r ~ i l ~ t i o ~  patterns 

i n  t he  atmosphere, one has  t o  account f o r  t h e  p a r t  of 

t h i s  energy that  i s  spen t  i n  hea t ing  t h e  oceans,  land,  

and t h e  atmosphere, and a l s o  the f r a c t i o n  of energy which 

i s  i n  the form of l a t e n t  heat of w a t e r  vapor. 

s t u d i e s  have r e c e n t l y  been  revived because of t h e  ava i l a -  

b i l i t y  of new d a t a  on t h e  incoming and outgoing r a d i a t i o n  

from these  satell i tes.  It is hoped t h a t  a continuous 

s u r v e i l l a n c e  of t h e  global d i s t r i b u t i o n  of energy sources  

and s i n k s  i n  the earth-atmosphere system combined w i t h  

the t h e o r e t i c a l  s t u d i e s  now underway, would c e r t a i n l y  

provide a better understanding of t h e  dynamics of t h e  at- 

mo s ph er e. 

Future  Projects 

- 

Such A 

The meteorological experiments c a r r i e d  o u t  by satel l i tes  

have so fa r  been l i m i t e d  to broad band radiometry,  providing 

- 10 - 
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information on t h e  gross f ea tu res  of t he  thermal s t r u c t u r e  

of t h e  atmosphere. The nex t  s t e p  i n  t h i s  f i e l d  is to  

make measurements from a sa te l l i t e  by means of an i n f r a r e d  

spectrometer.  The transmission of i n f r a r e d  r a d i a t i o n  i n  

and a l t i t u d e .  I f  t he re fo re  t h e  sa te l l i t e  measures the - 

energy r a d i a t e d  by the  e a r t h  i n  small  s p e c t r a l  i n t e r v a l s  

over the whole i n f r a r e d  region,  one can get an estimate of 

the ver t ical  d i s t r i b u t i o n  of temperature. 

parameter which is the  m o s t  s i g n i f i c a n t  i n  

research.  A spectrometer for t h i s  purpose 

This  i s  the 

meteorological  

is  now be ing  

developed which w i l l  make observat ions of the e a r t h  i n  t h e  

15 I-I band. I n  the  absence of clouds such measurements may 

g ive  information on the  temperature '  d i s t r i b u t i o n  w i t h  a l t i -  

tude i n  t h e  whole troposphere.  

The o t h e r  spectral region where such measurements may 

be of  great p o t e n t i a l  importance is  the  m i c r o w a v e  reg ion  

where t h e  s t r o n g  absorp t ion  by oxygen and ozone is w e l l  

known. Oxygen h a s  a s t rong  absorpt ion band at 5 mm and 

t h i s  reg ion  of t h e  spectrum has been shown t o  be w e l l  s u i t e d  

because d e t e c t o r s  of t h e  r ad ia t ion  of t h i s  wavelength are 

a v a i l a b l e  and ins t rumenta l  techniques have been w e l l  

- 11 - 
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microwave region and t h e r e  is m &sorption 'by any atmos- 

i * *  
1 

es t ab l i shed .  

wave  region can be used to measure t h e  a c t u a l  ground tem- 

It has also been suggested that t h e  micro- 

I 

of t h e  u l t r a v i o l e t  r a d i a t i o n ,  the measurements by a satel- 

l i t e  of  the  direct s u n l i g h t  after i t s  passage through t h e  

atmospheric ozone can be used f o r  deduction of ozone d i s -  

t r i b u t i o n  i n  t h e  atmosphere. 

The measurement of "sferics", the  radiofrequency emis- 

s i o n s  by l i gh ten ing ,  is s t i l l  another domain i n  which 

sa te l l i t e  observa t ion  could con t r ibu te  s i g n i f i c a n t l y .  The 

d e t e c t i o n  and mapping of sferics may i n d i c a t e  areas of 

s t rong  v e r t i c a l  emission related to tropical storm development 

- 12 - 
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and phenomenon l i k e  s t rong  winds, heavy r a i n f a l l  and 

turbulence.  There i s  a suggest ion t h a t  a receiver on 

board a satell i te with a large band-pass i n  the  100 mega- 

cycles range could be incorporated i n  the f u t u r e  sa te l l i te  

experiments for t h i s  purpose. 

It must be mentioned that t h e  m o s t  important meteoro- 
- 

l o g i c a l  parameter, which is  the  s u r f a c e  pressure  and t h e  

d i r e c t i o n  and v e l o c i t y  of.wind near  t h e  ground, cannot be 

a c c u r a t e l y  measured by instruments on board a satell i te.  

The way i n  which the sa te l l i t e  can c o n t r i b u t e  to  t h i s  do- 

main is  by a c t i n g  as a data-relay system. 

way i n  which t h e  pressure  and wind of t h e  l o w e r  tropo- 

Plans are under 

sphere would be measured by a series of strategically 

placed senso r s  on t h e  ground and i n  ba l loons ,  and t h e  i n -  

formation from these  detectors would be t ransmi t ted  to 

t h e  over-passing satellite which w i l l  relay i t  to  t h e  

9 

weather s t a t i o n s .  

A l l  these  cons ide ra t ions  w i l l  be p a r t  of t h e  f u t u r e  

meteorological satell i te programs b u t  the implementation 

is c e r t a i n l y  a m a t t e r  of formidable technologica l  effort  

and w i l l  t ake  a t  least t h e  remainder of this decade to  

be completed. 
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